Developments in the analysis of comparative data in evolutionary biology suggest that it is possible to partition the total variance of some quantitative trait into a phylogenetic component, which contains that part of the variation attributed to common ancestry with other species, and a specific component, which results from independent evolution after cladogenesis. In this paper, we analysed the variation in worker body size across 16 neotropical species of stingless bees (Meliponinae), using phylogenetic autocorrelation models to evaluate evolutionary constraints in this complex trait. Body size was defined in a multivariate sense as the first principal component extracted from the covariance matrix of 10 log-transformed morphometric characters. The estimated phylogenetic autoregressive coefficient (p) was equal to 0.495 0.192, indicating that only 24.5 per cent of variability in worker body size can be attributed to inertial phylogenetic effects. This relatively low value of p in bees is to be expected, considering that this complex trait has traditionally been recognized as an expression of worker adaptation related to foraging activity and resource exploitation.
Introduction
The analysis of comparative data in evolutionary biology has, since Darwin's time, been the most commonly used technique for inferring adaptation and natural selection (Harvey & Purvis, 1991) .
However, many recent developments in comparative data analysis have recognized that species do not usually provide independent points in a statistical analysis because they share characteristics through descent from common ancestors, at distinct levels (Felsenstein, 1985 (Felsenstein, , 1988 Pagel & Harvey, 1988; Bell, 1989; Garland et at., 1992; Gittleman & Luh, 1992) .
It is therefore important to include phylogenetic information in statistical analysis of cross-species data to avoid spurious correlations suggesting adaptations.
Many statistical models have been developed to *Correspondence remove phylogenetic effects from cross-species data, permitting a more accurate analysis of adaptive trends (Felsenstein, 1985; Pagel & Harvey, 1988; Bell, 1989; Garland et al., 1992 Garland et al., , 1993 Gittleman & Luh, 1992) . One of these methods, clearly derived from quantitative genetics theory, is the phylogenetic autocorrelation analysis (Cheverud et al., 1985; Gittleman & Kot, 1990) , which starts by considering that the total variation (I), for any quantitative character measured in related species, can be partitioned into a phylogenetic component (P), which contains the variance shared by species, weighted by their phylogenetic distances, and a specific component (S), which contains that part of the variation that is unique to each species, reflecting adaptations (modifications in a structure resulting from directional selection within lineages). These two components can be expressed as T = P + S, and an elevated P value indicates that closely related species are similar for the character under study. This tendency, usually called 'phylogenetic inertia', can be explained 222 by niche conservation, time lags and phenotypedependent responses to selection (Cheverud et al., 1985; Gittleman & Kot, 1990; Harvey & Purvis, 1991) . This P value can also be interpreted as a quantitative expression of the constraints limiting the power of natural selection to produce virtually any modification in organisms, and indicates how traits are controlled by complex epigenetic systems (expressed by a genetic covariance matrix) that arise as a product of long-term evolutionary history (Cheverud et al., 1985) . On the other hand, adaptations must be inferred only from the S values, because they indicate the part of the variation which is unique to each species, in such a way that correlations between S values of distinct characters can indicate responses to selection in each species resulting from distinct levels of environmental variation and other selective pressures.
One of the striking aspects of eusocial behaviour in insects, especially in Hymenoptera, is caste differentiation resulting in a reproductive caste (one or more females, the queens, per colony) assisted by many sterile females (worker caste) (Wilson, 1971) .
Differences between castes are found in many morphological, behavioural and physiological characteristics and are obviously related to their roles in the social organization. In bees, body size variation between workers of distinct species has been primarily explained as an adaptation related to foraging activity and floral resource exploitation (Roubik & Ackerman, 1987; Ruttner, 1988; Roubik, 1989; Baumgartner & Roubik, 1989) . This interpretation seems to be corroborated, for example, by differences between reproductive and worker castes across species of the genus Apis (Ruttner, 1988) .
Stingless bees (Apidae: Meliponinae) are abundant, pantropical, highly eusocial insects that live in large perennial colonies (Wille, 1983) . These bees have achieved their maximum diversity in the neotropics, both in terms of number of species (more than 300) (Roubik, 1989) , and in morphological and behavioural characteristics such as nest building and resource exploitation patterns (Wille, 1983; Baumgartner & Roubik, 1989) . They also show a wide range of worker body size variation, ranging from small forms of Trigonini, such as species in the Plebeia-like group, to larger species of the genus Melipona (Wille, 1983) . Consequently, a comparison of stingless bees, using phylogenetic autocorrelation analysis, may be useful to test the hypothesis of elevated residual effects on worker body size in relation to phylogenetic inertia, reflecting adaptations related to foraging activity and resource exploitation.
Materials and methods
We estimated worker body size in a multivariate sense by the scores of the first principal component derived from a covariance matrix of log-transformed characters (Neff & Marcus, 1980) . Eigenvectors were scaled to sum to 1.0, and multivariate (evolutionary) allometric coefficients k were estimated (Bookstein et al., 1985) . Ten morphometric characteristics were measured on each individual worker bee (Table 1) . Considering computational difficulties (related to eigenvalue extraction of nonsymmetric matrices, see below), we restricted our analyses to 16 species of stingless bees found in the neotropical region (Table 2 ). At least 10 individual bees of each species were measured.
Patterns of differentiation among species were described by a canonical variate analysis (CVA) Table 2 The sixteen stingless bee species analysed, followed by an identification code, and their total values for worker body size (scores on the first principal component -PCi) partitioned into phylogenetic (P) and specific (S) effects In this model, Y is the vector that describes body size variation in species (the first principal component) andp is the phylogenetic autoregressive coefficient. The term pWY corresponds to the phylogenetic component P and E to the residual (specific) effect S. The matrix W in the autoregressive model describes the overall phylogenetic
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relationship between pairs of n species (with zeros in the main diagonal), and it is standardized by rows to sum to 1.0 prior to the analysis. The elements of W were also defined based on the cladogram in Fig. 2 as WI) = (L -l)/L, where i, is the level of connection between species i and j and L is the total number of linkages in the cladogram (Lynch, 1991) . This way, we assumed that branch lengths are equal, in the absence of more precise information about evolutionary time of 2 Phylogenetic linkages Knowing the standard error allowed the null hypothesis that there were no phylogenetic patterns in the body size variation across species to be tested using Student's t-distribution. The amount of varia- tion that can be attributed to residual (specific) effects is given as in a normal least squares regression byS= 1-p2.
Results
The first principal component accounts for 83.1 per cent of the morphometric variability among stingless bee species. The coefficients of 10 morphometric characters in this axis possess the same signal and have similar magnitudes (Table 1) . Therefore, the first principal component can be interpreted as a general size factor (Neff & Marcus, 1980 The dispersion of individuals analysed in the space of the first two canonical variates, which explain more than 99 per cent of the variability in the overall discriminant space, shows that most of the morphometric variation occurs among species (Fig. 2) . More importantly, the first canonical variate can be also interpreted as an expression of multivariate body size, because there is a highly significant correlation of species centroids with principal component scores (r = 0.911; P<0.01).
Moran's I coefficients of the phylogenetic correlogram of body size (Table 3 ) are significant at the 5 per cent level for the smallest and largest phylogenetic linkage levels. This indicates that phylogenetic autocorrelation in body size is caused by elevated similarity between closely related species associated with elevated dissimilarity between species in distinct tribes (Meliponini and Trigonini). The correlogram as a whole is significant according to the Bonferroni criterion, as at least one coefficient is significant at P<0.0083 (0.05/number of linkages).
The estimated phylogenetic autoregressive coefficientp was equal to 0.495 0.149, significant at the 1 per cent level (t15 = 3.31). This indicates that 24.5 per cent of body size variation of stingless bee workers (the p2 value), in a multivariate sense, can be attributed to phylogeny and evolutionary constraints. In order to verify that phylogenetic trends were in fact removed from the body size vector T (first principal component) using the autoThe Genetical Society of Great Britain, Heredity, 76, 222-228. regressive model, correlograms were also obtained for the S values of each species (Gittleman & Kot, 1990) . All but one coefficient were not significant according to Mantel tests (Table 3) , and using the Bonferroni criterion, the correlogram as a whole is not significant. This indicates that the autoregressive model was effective in removing phylogenetic trends.
The relationships between each character and the P and S values were then obtained by structure coefficients (the Pearson product-moment correlation between partitioned principal component scores and each character across species), and are shown in Table 1 . It is possible to see that all characters are more related to the specific component S, which is as expected considering the relatively greater effect of this component (75.5 per cent). The scores of species along the axis of T (PCi), P and S values for multivariate body size are shown in Table 2 .
Discussion
The results of our work indicated a relatively low (but statistically significant) phylogenetic effect on worker body size variation in the neotropical stingless bees analysed, in such a way that interspecific variation of this composite trait is better explained by adaptations in each species, with small effects of 'inherited' patterns, or phylogenetic inertia. This corroborates the hypothesis of low evolutionary constraints and important adaptive trends related to resource exploitation in workers of highly eusocial bee species (Ruttner, 1988; Roubik, 1989) . Also, this size axis contains a large amount of shape-dependent variation (evolutionary allometry), in such a way that adaptive trends involve both size and shape variation in morphological traits (Bookstein et al., 1985) . This is very clear when considering that the structure coefficient on the S component is highest Table 3 Phylogenetic correlograms using Moran's I coefficients for scores of the first principal component (1) and its specific effect (S). In parentheses are the significance levels estimated for each coefficient by the Mantel test using 1000 random permutations for corbiculae length (r = 0.923), which is as expected because specific resource exploitation patterns have been widely used to explain morphological changes in this structure, as for example in necrophilous species of Trigona or cleptobiotic species of Lestrimelitta (Wille, 1983; Camargo & Roubik, 1991) . Our previous data also indicated a higher degree of additive genetic variance for morphometric traits and multivariate body size in at least one species of stingless bee (Scaptotrigona postica), in such a way that changes resulting from directional selection may occur in a relatively short period of time (Diniz-Filho & Pignata, 1994) . In statistical terms, it is important to note that the phylogenetic autocorrelation coefficients are statistically significant. Further studies must take this into account to avoid spurious correlations when inferring Darwinian adaptations based purely on relationships between worker body size and components of environmental variation, such as size of exploited flowers or food-carrying capacity (Pagel & Harvey, 1988; Gittleman & Kot, 1990; Gittleman & Luh, 1992) .
The autocorrelation patterns found in the species analysed can be described by the phylogenetic correlogram as a monotonic decrease in the coefficients.
This indicates a phylogenetic gradient in worker body size, in which morphological difference is proportional to cladistic distance (Gittleman & Kot, 1990) . The main problem with this interpretation of the phylogenetic gradient is the uncertainty about the phylogenetic connectivity matrix W, because Harvey, 1988) . In our case, the cladogram proposed by Michener (1990) for stingless bees has been criticized by Camargo & Pedro (1992) . We believe that these criticisms will not significantly affect our analyses, as the positive sign of the autoregressive coefficient and the observation of the phylogenetic correlograms in Table 3 indicated that phylogenetic effects are concentrated on the smallest and largest levels of species linkage. In other words, phylogenetic autocorrelation in body size is caused by increased similarity between closely related species, associated with increased dissimilarity between species in the two usually recognized tribes (Meliponini and Trigonini). At these two extreme levels taxonomic discussion is not very important, although Michener (1990) and Camargo & Pedro (1992) discussed a possible phylogenetic link between the tribe Meliponini (genus Melipona) and the Plebeialike group of Trigonini. However, Michener (1990) finally considered Melipona to be the sister group to all other Meliponinae, but recognized no tribal distinction between Melipona and other genera. Because Melipona is larger than the other genera and was also considered here to be a sister group to them, the autoregressive coefficient estimated tends to be conservative (it can be smaller than it actually is). So, our study clearly supports the hypothesis of strong adaptive evolution of caste differentiation, permitting a more effective exploitation of resources by workers in highly eusocial bees.
